Abstract. Silica coatings were fabricated on stainless steel substrates by electrophoretic deposition (EPD) of aqueous slurries. An cationic surfactant, polyethylenimine (PEI) was used for obtaining positively charged silica particles and coatings on the cathode in order to prevent the anode elution. In addition, in order to prevent formation of cracks in coatings on metal substrates after drying, polyvinyl alcohol (PVA) was added in slurries as a binder. Furthermore, we could obtain crack free coatings after drying by aqueous EPD assisted by sweeping flow.
Introduction
The use of metals is limited in tribological applications or in high temperature applications, where metal undergoes corrosion and degradation. Plating is often used to improve the abrasion resistance, heat resistance and corrosion resistance, allowing them to be used in the above applications. However, because of the recent concern of the environmental pollution, the use of chrome ions, one of the most popular materials for metal plating has been restricted [1] .
Therefore, the fabrication of ceramic coatings onto metals is expected to be an attractive alternative technique instead of plating. Some kinds of ceramic coating technique have been developed, such as the vapor deposition and plasma sputtering. However, these methodologies are expensive and present important limitations for producing thick coatings and for effectively coating of complex shapes.
Although a literature review revealed that 80% of the published works on EPD of advanced ceramics reported the use of organic solvents, the use of water is more desirable for health, environmental, and cost benefits [2] . However aqueous EPD has the following problems.
Firstly, water electrolysis promotes the formation of some gasses that can be retained as pores in the ceramic deposits. Secondly, when metallic electrodes are used, the normal potential of the metal is overpassed, causing the anode elution and the migration of metallic impurities into slurries. In most cases, these impurities are retained in the deposit as heterogeneities and/or residual porosity, thus degrading its expected properties. In addition particles in an aqueous slurry are difficult to disperse well, and crack formation could occur as a consequence of the stronger drying stress compared to an organic solvent [2] .
In this paper, we tried to fabricate a silica coating onto a stainless steel by aqueous EPD, using an cationic surfactant, polyethylenimine (PEI) so that particles were deposited onto not the anode but the cathode. Furthermore we discussed the type and additive amount of binder in order to improve the adhesion of deposited coating and metal substrate. In addition we tried to fabricate denser, more homogeneous and crack free coatings by using an assisted sweeping flow during EPD.
Experimental
The raw material was silica particles (average particle size of 12nm, Grade 200CF, Japan AEROSIL) and PEI(average molecular weight of 1800, Wako) was used as dispersant. A solution of nitric acid or sodium hydroxide was used to adjust the pH value of the slurry. The prepared slurries were mixed and sonicated by an ultrasonic homogenizer for 10 min and then added the PVA as a binder. The additive amounts of PEI and PVA were changed in order to discuss the effects of additives on the properties of the coatings obtained by EPD. Figure 1 shows the schematic illustration of the experimental apparatus for EPD. The electrode used in this study was the steel plate (carbon steel, JIS S45C G4501 ). Both electrodes were connected to a DC supply and an ammeter. The steel plates were polished by sandpaper and washed by ethanol before EPD. The coating area was 25 cm 2 (5 cm x 5cm) and the distance between the cathode and anode was 1.0 cm. The silica films were electrodeposited on the cathode from aqueous silica slurries using constant voltage of 1.5V. In order to verify the effect of the assisted sweeping flow, the slurry was circulated by a pump vertically to the applied electric field, changing the flow rate from 0 to 3 m • s -1 . It should be expected that the particle dispersion state can be kept during EPD and weakly attached particles can be flown away by the sweeping flow, resulting in more homogeneous and adhesive coatings. Deposit weights were obtained by weighing the steel substrates before and after deposition experiments followed by drying at room temperature for 24h. The structures of the deposited films were observed and the thickness of the film was measured.
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Results and discussion
Effect of the PEI content on the deposited films. Figure 2 shows the zeta potential of silica particles with and without PEI. From this figure we could obtain positively charged silica particles by the addition of PEI. Figure 3 shows the relationship between the deposited weight onto each electrode and the additive amount of PEI. In these experiments the prepared slurries were not circulated, that is we carried out a conventional EPD in order to discuss the effect of PEI additive amount. In case of the slurry without PEI, silica particles were deposited on the anode because the particles had the negative charge and the elution of the electrode occurred. On the other hand we could obtain the better coatings on the cathode for the slurry with PEI of 19 mg•g -1 -SiO 2 , which means the particle surface charge was changed to positive by adsorbed PEI.
Interestingly, the deposited weight changed drastically by the slightly change of PEI amount,
suggesting that it is difficult to prepare the appropriate slurry for this system.
Effect of the PVA content on the deposited films. Deposited particles obtained from the above experiments were peeled off easily because of poor adhesion with the substrate, therefore, PVA was added as binder in the slurries and EPD was conducted. Figure 4 shows the relationship between the deposited weight on the cathode and the additive amount of PVA. In this figure, the weights of particles left on the substrate after 20 times tapping of the coated substrate were also plotted. For the slurry with PVA of 20mg, we could obtain the relatively homogeneous coating and the weight change between before and after tapping was smaller compared to the other slurries, indicating that the particles adhesion with the substrate improved by adding PVA. However, increasing the PVA content to 50mg/g-SiO 2 caused heterogeneity in deposited coatings, which means the optimal additive amount of PVA also exists as well as PEI. However the coating obtained at flow rate of 1.8, some cracks were observed after drying and because of them a third of particles in the coating was easily eliminated by tapping. On the other had we were able to obtain crack free and relatively strong adhesive coatings at flow rate of 3.0.
These results suggest that the weakly attached particles should be eliminated by the slurry flow and thus make the coatings more homogeneous and the adhesion of the coating to the substrate stronger. 
Conclusions
We tried to fabricate a silica coating onto stainless steel by aqueous EPD, using an cationic surfactant, polyethylenimine (PEI) so that particles were deposited onto not the anode but the cathode. Furthermore we investigated the effects of the type and additive amount of binder in order to improve the adhesion of deposited coating and metal substrate. We could obtain better coatings from the slurry with the optimum amount of PEI (1.9 mass%) and PVA (2.0 mass%). In addition, we could obtain crack free coatings at the slurry flow rate of 3.0 cm
